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Edited by T KraaijInvasiveAustralian acacias can alter soil chemistry andmicrobial communities in areas they invade. After clearing
invasive acacias, these changes can persist, and previously invaded areas can become dominated by nitrophilic
weedy species. Restoration of viable native plant communities in cleared sites often fails due to a lack of native
species re-establishment. Therefore, to improve restoration outcomes, it is important to understand the effects
of soil chemical and biotic legacies, and of nitrophilicweedy species, on native species re-establishment. To inves-
tigate the effect of soil chemical legacies, we germinated and grew Protea repens seedlings (a native proteoid
shrub) as an indicator species in soil taken from areas cleared of Acacia saligna in lowland fynbos, as well as
from non-invaded areas under controlled conditions. To investigate the effect of soil biotic legacies, we sterilized
half the soil from each cleared or non-invaded area. We grew Ehrharta calycina (a native nitrophilic weedy grass
species) in half of each treatment and measured the effect of treatments on P. repens germination and growth.
Germination percentage, root and shoot dry mass of P. repens did not significantly differ between altered and
native soil chemistry. The germination percentage of P. repens was significantly greater (93%) in the presence
of soil microbial communities than in their absence. The presence of E. calycina significantly increased (29%)
the root-to-shoot ratio of P. repens than their absence. Since the legacy of altered soil chemistry did not have a
direct negative effect on P. repens germination and growth; we conclude that restoration efforts do not always
have to manage altered soil chemistry after clearing invasive A. saligna.




Nitrophilic weedy species1. Introduction
Australian acacias have been introduced to many parts of the world
for various purposes (Richardson et al., 2011). A majority of these
introductions have resulted in naturalization and ultimately widespread
invasion (Richardson and Rejmánek, 2011). Most of the areas invaded
by Australian acacias (e.g. South African lowland fynbos and Portuguese
dune systems) have nutrient-poor soils characterized by low levels of
nitrogen (Musil, 1993;Marchante et al., 2009). Invasive Australian acacias
are “ecosystem transformers”, as they can alter ecosystem processes and
functions (sensu Richardson et al., 2000; Ehrenfeld, 2003). Invasion by
acacias can alter the soil chemistry throughmechanisms such as nitrogen
fixation and litter production (Witkowski, 1991; Musil, 1993; Yelenik
et al., 2004; Marchante et al., 2008); change the soil microbial commu-
nity composition and function using mechanisms such as introduction
of novel microbes and deposition of allelochemicals (Inderjit and
Van Der Putten, 2010; Crisόstomo et al., 2013; Lorenzo et al., 2013;hts reserved.Rodríguez-Echeverría et al., 2013), exclude native species through
competition (González-Muñoz et al., 2012; Gaertner et al., 2012a), and
create feedback loops that favor their dominance (Gaertner et al., 2014).
It is often assumed that the negative impacts of invasive species will
diminish after clearing the invasive species (Wittenberg and Cock,
2005). However, the negative impacts of invasive acacias can persist
for long periods despite clearing the invasive species – i.e. they become
legacy effects (Marchante et al., 2009; Rodríguez-Echeverría et al., 2013;
Lazzaro et al., 2014; Souza-Alonso et al., 2014; Nsikani et al., 2017).
Legacy effects include measurable changes in biological, soil chemical
or physical conditions that persist after clearing the invasive species
(sensu Corbin and D'Antonio, 2004).
Efforts to restore functional native plant communities are underway
after clearing invasive acacias (Marchante et al., 2009; Le Maitre et al.,
2011; Gaertner et al., 2012a). Restoration measures often include
removing the nitrogen-rich invader litter left over after clearing
(Marchante et al., 2009; Le Maitre et al., 2011), removing Acacia seed-
lings that germinate following clearing of adult plants (Marchante et al.,
2010; Krupek et al., 2016) and re-introducing native species (Marchante
et al., 2004;Gaertner et al., 2012a, 2012b). However, it has proveddifficult
104 M.M. Nsikani et al. / South African Journal of Botany 116 (2018) 103–109to successfully restore functional native plant communities in cleared
areas due to a lack of native species re-establishment (Galatowitsch and
Richardson, 2005; Marchante et al., 2011). The lack of native species re-
establishment is often associated with depleted native soil seed banks
(Holmes and Cowling, 1997; Le Maitre et al., 2011; González-Muñoz
et al., 2012).
The legacy of altered soil chemistry after clearing invasive acacias
such as elevated nitrogen availability has been shown to persist for up
to ten years (Marchante et al., 2009;Nsikani et al., 2017). Several studies
have suggested that this legacy effect might directly have negative
consequences for native species re-establishment by affecting their ger-
mination, growth, and/or indirectly by giving a competitive advantage
to nitrophilic weedy species (Marchante et al., 2008, 2009; Le Maitre
et al., 2011). Several vegetation surveys have reported that alien and/
or native nitrophilic weedy species often dominate areas cleared of
invasive acacias (Galatowitsch and Richardson, 2005; Blanchard and
Holmes, 2008; Gaertner et al., 2012b; Fill et al., 2017). Soil microbial
communities can influence the germination and growth of species
during restoration (Balshor et al., 2017). Several studies have suggested
that the legacy of altered soil microbial communities can have a nega-
tive influence on native species re-establishment through different
mechanisms such as accumulation of pathogenic microbes and/or
disruption of beneficial mutualisms (Bever et al., 1997; Eppinga et al.,
2006; Callaway et al., 2008).
Currently there is limited knowledge on the effect of soil chemical
and biotic legacies and nitrophilic weedy species after clearing invasive
acacias on the re-establishment of proteoid shrubs. Furthermore, after
clearing invasive acacias, previous studies have often used field observa-
tions instead of controlled experiments to reach conclusions about the ef-
fect of soil legacies and nitrophilic weedy species on the re-establishment
of proteoid shrubs (e.g. Gaertner et al., 2012b; Fill et al., 2017). However,
native species re-establishment under field conditions is affected bymul-
tiple interacting factors such as water availability and light. Using Acacia
saligna (Labill.) H. L Wendl. (Fabaceae) invasions in the South African
lowland fynbos as case study, we conducted a greenhouse experiment
to investigate how germination and growth of a native proteoid shrub is
affected by the invasive species' (i) soil chemical legacy, (ii) soil biotic
legacy, and (iii) a native nitrophilic weedy species.
2. Materials and methods
2.1. Study sites
The study was conducted using soils collected from the Cape Flats
Sand Fynbos (CFSF) of the Western Cape Province in South Africa,
where invasion by A. saligna is common. The climate in the CFSF is
Mediterranean with cool wet winters and hot dry summers and the
soils are broadly classified as well-drained eolian acidic sands (Rebelo
et al., 2006). Native CFSF vegetation consists of evergreen shrublands
dominated by a mixture of ericoid and proteoid shrubs, and restioid
(aphyllous graminoid) growth forms (Rebelo et al., 2006). Cape
Flats Sand Fynbos is a critically endangered vegetation type withTable 1
History of study sites including the years after initial clearing; years since fire; whether the cle
treatments; mean annual precipitation; and soil type.














2 4 No 1 361
Youngsfield 6 6 No 4 1018
Penhill 10 7 Yes 7 556approximately 2% of the total historical area statutorily conserved, and it
is the most transformed of the sand fynbos types occurring in the Greater
Cape Floristic Region (Rebelo et al., 2006). We selected three study sites
in the CFSF, namely, Blaauwberg Nature Reserve (33°4605.16″S;
18°27010.08″E), Youngsfield (34°0030.30″S; 18°29016.20″E) and
Penhill (33°5900.39″S; 18°43037.74″E). The study sites varied in size
from 1.5 to 9.5 km2. Youngsfield and Penhill had similar soil types,
whereas Blaauwberg Nature Reserve differed slightly (Table 1). Mean
annual precipitation was between 361 and 1018 mm at the three
study sites (Table 1).
In each study site, we selected non-invaded areas and previously
invaded areas that had been cleared of invasive A. saligna. Each cleared
area had experienced at least one fire in the last ten years (Table 1). The
time between clearing and soil collection was between two and ten
years, and the cleared areas received between one and seven follow-
up treatments, inwhich re-emerging A. saligna seedlings were removed
through weeding or herbicides (Table 1). Only one cleared area
(Penhill) was immediately burnt after clearing. Cleared areas were
dominated by nitrophilic weedy species such as Briza maxima L. and
Ehrharta calycina Sm. (M. M. Nsikani, unpublished data). Non-invaded
areas were characterized by mature native fynbos plant communities
and were free from A. saligna invasion. We believe that the non-invaded
areas closely represent the environmental characteristics of cleared
areas prior to invasion and clearing. Non-invaded areas were kept free
fromA. saligna invasion throughmanagement andnot as a result of differ-
ent environmental characteristics. Each cleared areawas characterized by
different soil chemistry from its reference non-invaded area (Nsikani
et al., 2017).
2.2. Study species
The native shrubs of the Proteaceae family are among the species that
aremost affected by A. saligna invasion in the CFSF (Holmes and Cowling,
1997). Protea repens was historically widespread in the CFSF, but its
range has been severely reduced by invasive acacias (Witkowski, 1991).
Therefore, we chose P. repens as a representative of proteoid shrubs for
purposes of this study. Ehrharta calycina (Sm.)(Poaceae) is a native re-
sprouting perennial grass that often dominates sites cleared of invasive
acacias and disturbed environments (Yelenik et al., 2004; Fill et al.,
2017). Therefore,we chose it as a representative of nitrophilicweedy spe-
cies for purposes of this study. Seeds of P. repens and E. calycina harvested
from populations of wild plants were obtained from Vula Environmental
Services.
2.3. Study design
In each cleared or non-invaded area, we chose five random soil col-
lection points (n = 30). In each soil collection point, organic-horizon
material was removed and 44 l of soil excavated using a shovel to a
depth of 10 cm (modified from Lehnhoff and Menalled, 2013). The
soil from each cleared or non-invaded area was thoroughly mixed to





Soils with a sandy texture, leached and with sub-surface accumulation of organic
matter and aluminumwith/without oxides, either deep or on hard or weathering rock
Soils with a sandy texture, leached and with sub-surface accumulation of organic
matter and aluminumwith/without oxides, either deep or on hard or weathering rock
Fig. 1. The effect of soil microbial communities on the germination percentage of P. repens.
Mean values with the same letter are not significantly different. Error bars represent ± SE.
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using an autoclavemachine at 80 °C in three 60-minute autoclaving pe-
riods with 24 h in-between each period (modified from Meiman et al.,
2006), whilst the other half was not (soil microbial communities
remained).We chose to use awhole soil treatment rather than inoculat-
ing sterile soil with live field soil becausewewere interested inmeasur-
ing the total soil-mediated effects of A. saligna invasion including both
biotic and abiotic components. We acknowledge that the use of soil
sterilization through autoclaving and other available methods often
presents a challenge because the process is known to alter soil charac-
teristics under some circumstances and this can confound the effect of
sterilizing (Troelstra et al., 2001; Perkins et al., 2013). To determine
the effect of autoclaving on soil characteristics that could influence the
germination and growth of P. repens, five soil samples were taken in
the autoclaved and non-autoclaved soil from each cleared or non-
invaded area, and analyzed for % carbon, % nitrogen, nitrate, ammonium
and available phosphorus (Bemlab Pty Ltd., Somerset West).
The soil was taken to a 40- m2 greenhouse tunnel with open ends to
allow for ventilation, searched for P. repens and E. calycina seeds, and
those that were found were removed. Seedling trays (40 × 27.5
× 11.5 cm)were filledwith the soil. Fifty seeds of P. repenswere planted
in each seedling tray. This number was chosen to ensure sufficient
germination numbers because germination numbers of P. repens are
often low (Brown, 1993). The seeds of P. repens were pre-treated by
soaking them in a smoke water solution for 18 h before planting to
improve germination (Brown, 1993). To investigate the competitive or
facilitative responses on germination and biomass of P. repens when
grown together with nitrophilic weedy species, twenty E. calycina
seeds per tray were sown into half the number of trays with sterilized
or non-sterilized soil from each cleared or non-invaded area. Overall, a
fully factorial and completely randomized experimental design was
set up in the greenhouse with six replicates per treatment (three
study sites × two invasion statuses × two soil microbial community
conditions × two nitrophilic weedy species conditions × six replicates
= 144 seedling trays).
Each tray was initially watered to field capacity and subsequently
given 600 ml of water every two days. The location of trays was rotated
in the greenhouse every two weeks. The number of germinating
P. repens seedlings was recorded every seven days. Ten E. calycina seed-
lings were left in each tray after germination, and the rest were weeded
out together with non-target species that germinated. Protea repens
seedlings were harvested five months after planting. The soil from the
roots was removed by wet sieving, and the roots separated from the
shoots. All plant material was oven dried at 60 °C for 48 h and weighed.
In this study, we did not determine how the soil chemistry differed
between each cleared area and its reference non-invaded area because
results of those differences have been established in a previous study
(Nsikani et al., 2017). Therefore, we based the legacy of altered soil
chemistry in this study on those results.
2.4. Statistical analyses
The effects of soil chemical and biotic legacies, and E. calycina on
P. repens root-to-shoot ratio, root and shoot dry mass were analyzed
as explanatory variables using linear mixed-effects ANOVA models
with Satterthwaite's approximation for denominator degrees of free-
dom using the lmerTest package (Kuznetsova et al., 2017) in R version
3.4.3 (R Development Core Team, 2017). Study site was included as a
random effect to account for variability between study sites. Residual
and Q-Q plots were applied to examine data normality. We first fitted
different models with two and three-way interactions of the explana-
tory variables and included study site as random effects. To determine
the explanatory variables that best explain variation in P. repens root-
to-shoot ratio, root and shoot dry mass, we compared the different
models using the anova() function. We only selected a model if its
AICc value was less than the AICc value of all the other models even ifit did not include all the explanatory variables. If an additional parame-
ter provides little or no increase in model fit, then the more complex
model fits the data equally well or worse as the simpler model. The
more complex model with the additional parameter should not be
considered for ecological inference, since nothing is explained by the
additional complexity (Burnham and Anderson, 2002; Richards,
2008). For each explanatory variable, only one model remained after
model selection, and we report the results of these best-fitting models.
Significant mean differences were separated with Tukey's HSD test
using the lsmeans package (Lenth, 2016). The effect of soil sterilization
on % carbon, % nitrogen, nitrate, ammonium and available phosphorus
was also analyzed as an explanatory variable using linear mixed-
effects ANOVAmodels with Satterthwaite's approximation for denomi-
nator degrees of freedom using the lmerTest package (Kuznetsova et al.,
2017). Study site nested with invasion status was included as a random
effect to account for variability between the cleared-non-invaded pairs
in each study site.
3. Results
Germination percentage, root and shoot dry mass of P. repens did
not significantly differ between altered, and native soil chemistry as
“invasion status” was not selected in any best-fitting model for any re-
sponse variable. Germination percentage of P. repens was significantly
higher (93%; p b 0.001) in the presence of soil microbial communities
than in their absence (Fig. 1). There was a significant interaction
between the effects of soil microbial communities and E. calycina
on root (p = 0.018; Fig. 2) and shoot (p b 0.001; Fig. 3) dry mass of
P. repens. Root-to-shoot ratio of P. repens was significantly higher
(29%; p b 0.001; Fig. 4) in the presence of E. calycina than in their
absence. Soil sterilization led to a significant increase in % nitrogen
(38%; p=0.017; Fig. 5), ammonium(83%; pb 0.001; Fig. 5) and available
phosphorus (61%; p = 0.041; Fig. 5).
4. Discussion
Our results suggest that the legacy of altered soil chemistry does not
have direct negative consequences on the re-establishment of native
proteoid shrubs because the germination and growth of P. repens was
Fig. 2. The effects of soil microbial communities and E. calycina on the root dry mass of
P. repens. Mean values with the same letter are not significantly different. Error bars
represent ± SE.
Fig. 4. The effect of E. calycina on the root-to-shoot ratio of P. repens. Mean valueswith the
same letter are not significantly different. Error bars represent ± SE.
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invaded and non-invaded areas. Our results support the findings of
Musil (1993) and Holmes (2008) which suggested that the growth of
Protea seedlings is often unaffected by changes in soil chemistry.
Furthermore, Holmes (2008) suggested that if total soil available nitro-
gen is less than double that in native areas, it is unlikely to hinder the
establishment of fynbos seedlings (Holmes, 2008). Our findings, put to-
gether with those of these other authors, follow the general principle
that plants from infertile areas such as South African lowland fynbos,
that have relatively low growth and nutrient absorption rates, are
often unresponsive to changes in soil characteristics (Grime and Hunt,
1975; Chapin, 1980). The re-establishment of other typical native
fynbos species besides proteoid shrubs, irrespective of whether their
seeds were sown or not, was also not negatively affected by the legacyFig. 3. The effects of soil microbial communities and E. calycina on the shoot dry mass of
P. repens. Mean values with the same letter are not significantly different. Error bars
represent ± SE.of altered soil chemistry after clearing invasive acacias (Gaertner et al.,
2012b; Mostert et al., 2016). The general unresponsiveness of native
seedlings to altered soil chemistry has also been observed with other
invasive species (e.g. Psidium cattleianum, Macaranga mappa, Falcataria
moluccana Melastoma septemnervium and Clidemia hirta; Ostertag
et al., 2009; and Acacia dealbata; Lorenzo et al., 2017). However, our
results conflict with the findings of Witkowski (1991) which suggested
that P. repens seedlings displayed an increase in growth in response to
increased nutrient availability. We believe that this is a result of differ-
ences in the levels of soil nutrients, particularly nitrogen, explored by
the two studies. Witkowski (1991) looked at the effect of growing
P. repens in soils with nitrogen levels between 50 and 200 g/m2, which
were much higher than those in this study (Nsikani et al., 2017) and
in Musil (1993).
Our results suggest that the presence of soil microbial communities
can improve P. repens germination. Our findings are in line with the
results of a study by Lozano et al. (2017) that suggested that soil micro-
bial communities improved the germination of several annual plants in
aMediterranean ecosystem,when compared to soils inwhichmicrobial
communities were absent. However, our results are contrary to those
from several studies where the presence of soil microbial communities
either had a negative (Crist and Friese, 1993; O'Hanlen-Manners and
Kotanen, 2004) or no effect on native species germination (Rudgers
and Orr, 2009). Prior to soil contact, microbial communities can be
found on internal seed tissues (Gallery et al., 2007) and the surface
(Kremer, 1986). Microbial communities on the seed surface can play a
role in preventing pathogen infection when the seeds are in the soil
(Kremer, 1987). However, seedsmay also become infected bymicrobes
such as ascomycetous fungi after burial in the soil, and these may pre-
vent pathogenic attacks on seed contents and/or slow decay of seed
enclosing structures (Kluger et al., 2008; Dalling et al., 2011). It is crucial
for beneficial microbes to establish first so as to limit subsequent
pathogenic infection (Dalling et al., 2011). We suspect that in the
presence of soil microbial communities in our study, P. repens seeds
were infected by beneficial microbes after burial in the soil. These
microbes could have played a role in maintaining seed viability, thereby
improving germination. However, this requires more testing and direct
evidence. The effect of soil microbial communities on germination
Fig. 5. Results of linearmixed-effects ANOVAmodels of the different soil nutrients before and after soil sterilization. Mean values with the same letter are not significantly different. Error
bars represent ± SE. Significance indicated in bold as: *p b 0.05; ***p b 0.001.
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associated microbial communities is currently unknown (Lopez-Velasco
et al., 2013).More research is required to elucidate the effects ofmicrobial
communities on germination rates during restoration projects.
The significant interaction between the effects of soil microbial
communities and E. calycina on P. repens root and shoot dry mass sug-
gests that, in the absence of E. calycina, the absence of soil microbial
communities leads to significantly higher root and shoot growth than
their presence. However, the presence of E. calycina overwhelms this
beneficial effect and significantly reduces P. repens root and shoot
growth.We suspect that growth reduction in the presence of soilmicro-
bial communities might have been caused by pathogenic microbes that
accumulated during invasion and/or disruption of native mutualistic
associations, although further research would be required to be able to
explain this (Bever et al., 1997; Eppinga et al., 2006; Inderjit and Van
Der Putten, 2010). A study conducted byMangla et al. (2008) suggested
that invasion by Chromolaena odorata led to the accumulation of the soil
pathogen Fusarium spp., which reduced the seedling growth of a native
species. However, mycorrhizas are absent from the Protea family
(Allsopp and Stock, 1993), and proteoid shrubs are considered much
less dependent on soil microbial symbionts than most South African
fynbos taxa owing to their specialized roots that are efficient in nutrient
uptake (Lamont, 1986, Stock et al., 1990). It is also possible that in the
absence of soil microbial communities, P. repens could have responded
to soil nutrient changes imposed by soil sterilization (Fig. 5; Perkins
et al., 2013). Future studies could use other techniques such as soil
inoculation instead of soil sterilization to further elucidate the role of
soil microbial communities on P. repens germination and growth.
The reduction in P. repens root and shoot growth, when E. calycina
was present, but soil microbial communities were absent, was most
likely a consequence of competition for soil moisture and nutrients
(D'Antonio and Vitousek, 1992). Grasses are good competitors against
woody species' seedlings because of their rapid uptake of water and
nutrients (D'Antonio and Vitousek, 1992) as a result of their denseand shallow root systems (Phillips, 1963). In Banksia woodlands in
south-west Australia, E. calycina invasion is one of the major causes of
poor native species establishment because E. calycina suppresses native
seedling growth by out-competing them for soil moisture (Fisher et al.,
2009). Our results suggest that in the presence of soil microbial commu-
nities, the presence or absence of E. calycina does not make a difference
to P. repens root and shoot growth. We suspect that pathogenic
microbes that were most likely accumulated during invasion had a sig-
nificant negative effect on P. repens root and shoot growth that was
equal to the effect of E. calycina presence (Reinhart and Callaway, 2006).
The increase in root-to-shoot ratio (when grown with E. calycina)
could be a response by P. repens seedlings to avoid competition from
E. calycina for moisture and nutrients, by investing more into root
growth, thereby accessing water and nutrients lower in the soil profile
(Reynolds andD'Antonio, 1996; Casper and Jackson, 1997). The increase
in root-to-shoot ratio is most likely a result of diverting photosynthates
into the root system to support lateral root growth towards soil pockets
that have more water and nutrients (Drew and Saker, 1975). However,
this is not always the case because a shortage of certainminerals such as
potassium, magnesium and manganese can lead to reduction in root
growth (Ericsson et al., 1996). In a nursery experiment conducted in
Denmark, Quercus robur seedlings were grown together with grasses,
and this led to an increase in their root-to-shoot ratio (Andersen et al.,
2000). However, Newton and Cole (1991) suggested that competition
was not solely responsible for the alteration of biomass allocation be-
cause allocation of photosynthates to roots and shoots can be constant
over a wide range of competition intensities.
We acknowledge that growing P. repens alone andwith E. calycina is
not an adequate test for competition because an increase in the density
of P. repens could have given the same outcome (Li and Wilson, 1998).
We suggest that future studies should manipulate the densities of
both P. repens and E. calycina. Furthermore, future studies should use a
variety of native species (representing the major fynbos guilds) and
nitrophilic weedy species (alien and native).
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Overall, our results suggest that the legacy of altered soil chemistry
after clearing invasive A. saligna does not necessarily have direct nega-
tive consequences on the re-establishment of native proteoid shrubs.
While the soil microbial communities after clearing invasive A. saligna
may have a positive effect on the germination of native proteoid
shrubs, the legacy of altered soil microbial communities and presence
of nitrophilic weedy species could have negative impacts on their
growth. Our results provide some insight on the effect of soil legacies
of invasive acacias, and nitrophilic weedy species on native species re-
establishment, but given that the results of studies from elsewhere are
often inconclusive or contradictory, it is clear that further research is
needed.
Since the legacy of altered soil characteristics does not always have a
direct negative effect on the re-establishment of native proteoid shrubs,
we do not see a need for management interventions to always attempt
to restore native soil chemistry. Furthermore, to our knowledge there is
no restoration strategy that can be successfully used to restore overall na-
tive soil chemistry, althoughmethods to immobilize elevatednitrogen are
available. If elevated nitrogen availability, legacy of altered soil microbial
communities and nitrophilic weedy species prove to be barriers to native
species re-establishment during restoration; we urge practicing restora-
tion ecologists to incorporate management actions such as soil carbon
addition, soil microbial treatments and prescribed burning into their
restoration programs (reviewed in Nsikani et al., 2018).
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